Background: AT1Rs function as mechanosensors to activate ␤-arrestin-dependent signaling. Results: Osmotic stretch induces active conformations of the AT1R and ␤-arrestin2 that are exclusively stabilized by ␤-arrestinbiased agonists. Conclusion: Membrane stretch functions as an allosteric modulator to selectively enhance ␤-arrestin-biased signaling. Significance: Membrane stretch induces a biased conformation of the AT1R similar to that of ␤-arrestin-biased agonists. . 4 The abbreviations used are: GPCR, G protein-coupled receptor; AT1R, angiotensin II type 1 receptor; AngII, angiotensin II; BRET, bioluminescence resonance energy transfer; ANOVA, analysis of variance; MEM, minimum essential medium.
It has recently been appreciated that the angiotensin II type 1 receptor (AT1R), a prototypic member of the G protein-coupled receptor superfamily, also functions as a mechanosensor. Specifically, mechanical stretch activates the AT1R to promote downstream signaling mediated exclusively by the multifunctional scaffold protein, ␤-arrestin, in a manner consistent with previously identified ␤-arrestin-biased ligands. However, the ligand-independent mechanism by which mechanical stretch promotes ␤-arrestin-biased signaling remains unknown. Implicit in the concept of biased agonism (i.e. the ability of an agonist to activate a subset of receptor-mediated signaling pathways) is the notion that distinct active conformations of the receptor mediate differential activation of signaling pathways. Here we determined whether mechanical stretch stabilizes distinct ␤-arrestin-activating conformations of the AT1R by using ␤-arrestin2-biased agonists as conformational probes in pharmacological and biophysical assays. When tested at cells expressing the AT1R fused to ␤-arrestin (AT1R-␤-arrestin2), we found that osmotic stretch increased the binding affinity and potency of the ␤-arrestin-biased agonist TRV120023, with no effect on the balanced agonist AngII. In addition, the effect of osmotic stretch on ERK activation was markedly augmented in cells expressing the AT1R-␤-arrestin2 fusion compared with the wild type AT1R and completely blocked in cells expressing the AT1R-G q fusion. Biophysical experiments with an intramolecular BRET ␤-arrestin2 biosensor revealed that osmotic stretch and TRV120023 activate AT1Rs to stabilize ␤-arrestin2 active conformations that differ from those stabilized by the AT1R activated by angiotensin II. Together, these data support a novel ligand-independent mechanism whereby mechanical stretch allosterically stabilizes specific ␤-arrestin-biased active conformations of the AT1R and has important implications for understanding pathophysiological AT1R signaling.
The transduction of mechanical stimuli (i.e. mechanotransduction) by mechanosensitive cells mediates a variety of physiological processes such as tactile perception, proprioception, visceroception, hearing, and balance (1) (2) (3) . Mechanotransduction is also thought to play an important role in pathophysiological processes such as vascular constriction (1, 4) , cardiac hypertrophy (2) , and neurosensory disorders (3, 5) . Although the precise molecular entities that function as sensors are not completely understood, it is appreciated that a number of membrane proteins can activate intracellular signaling in response to mechanical force including ion channels, integrins, components of the cytoskeleton and some members of the heterotrimeric G protein-coupled receptor (GPCR) 4 superfamily (1, 2, (5) (6) (7) .
Of the GPCRs that have been identified as mechanosensors, the angiotensin II type 1 receptor (AT1R) remains one of the best characterized (2, 6, 8) . The AT1R, like nearly all members of the GPCR superfamily, can transduce extracellular stimuli to activate intracellular signaling through both canonical G protein and noncanonical ␤-arrestin effector pathways (9, 10) . Recently, it has been shown that the activation of intracellular signaling by mechanical stretch of the AT1R does not require the ligand angiotensin II (AngII) (6, 8, 11) but does require the recruitment and activation of the transducer ␤-arrestin (6) . Thus, despite its apparent ligand independence, mechanical stretch activates the AT1R in a manner that is consistent with previously identified ␤-arrestin-biased ligands that stabilize a receptor conformation to preferentially activate a ␤-arrestinmediated pathway (6, 12) . Implicit in the concept of biased agonism (i.e. the ability of an agonist to activate a subset of receptor-mediated signaling pathways) is the notion that ligands stabilize distinct active conformations of a GPCR, thereby promoting differential activation of signaling pathways (10, 13) . In this context, it is intriguing to speculate that mechanical stretch induces active conformations of the AT1R that selectively promote ␤-arrestin signaling. Indeed, previous studies with several GPCRs, includ-ing the AT1R, suggest that mechanical stimuli alter receptor structure. Both rhodopsin (14, 15) and the B2 bradykinin receptor (16) have been shown to adopt a distinct active receptor conformation induced by mechanical stress. Through mutagenesis of the AT1R, it has been suggested that mechanical stretch induces a change in the conformation of the receptor, allowing it to couple mechanical stress to signaling (17) . Although we have recently shown that mechanical stretch induces a conformation of ␤-arrestin similar to that induced by a biased ligand as measured by intramolecular bioluminescence resonance energy transfer (BRET) (6) , direct evidence for a ␤-arrestin-biased AT1R conformation induced by mechanical stretch is lacking. This is due in large part to the considerable technical difficulties associated with measuring the effects of mechanical stress on GPCRs at the molecular level.
To determine whether mechanical stretch stabilizes distinct ␤-arrestin-activating conformations of the AT1R, we used biased agonists as novel conformational probes in pharmacological and biophysical assays. Critical to this approach were fusions between the AT1R and G q (AT1R-G q ) or ␤-arrestin2 (AT1R-␤-arrestin2), which were recently used to quantify the signaling bias of AT1R agonists (18) . From these studies, we propose a ligand-independent mechanism whereby mechanical stretch allosterically stabilizes specific ␤-arrestin-activating conformations of the AT1R to engender ␤-arrestin-biased signaling.
EXPERIMENTAL PROCEDURES
Cell Culture-HEK 293 cells stably expressing the following receptors: wild type AT1R (WT AT1R), AT1R-␤-arrestin2 fusion protein, or AT1R-G q fusion protein, were generated and maintained as previously described (18) . HEK 293 cells stably expressing WT AT1R (1152 bp, 44 kDa), AT1R-␤-arrestin2 fusion protein (2334 bp, 88 kDa), or AT1R-Gq (2280 bp, 87 kDa) fusion protein were grown in Dulbecco's modified Eagle's medium supplemented with 10% FBS, 100 units/ml penicillin, 100 g/ml streptomycin, and 500 g/ml neomycin at 37°C in a humidified environment (5% CO 2 ). Receptor densities of HEK 293 cells stably expressing WT AT1R, AT1R-␤-arrestin fusion protein, or AT1R-Gq fusion protein are 400, 1400, and 1200 fmol/mg protein, respectively. The AT1R biased ligands used, TRV120023 (Sar-Arg-Val-Tyr-Lys-His-Pro-Ala-OH) and TRV120056 (Asp-Arg-Gly-Val-Tyr-Ile-His-Pro-Phe-OH), were developed and supplied by Trevena, Inc. (King of Prussia, PA).
Osmotic Stretch-Six-well flat bottom Corning Costar cell culture plates (Sigma-Aldrich) were coated with 0.01% collagen (Sigma-Aldrich) for adherence. HEK 293 cells stably expressing WT AT1R, AT1R-␤-arrestin fusion protein, or AT1R-G q fusion protein were plated at a confluence of 60 -70%. Cells were incubated for 24 h and then serum-starved for 16 h before osmotic stimulation. Osmotic stretch was applied by adding a defined volume of double-distilled H 2 O to the culture medium in each well of the 6-well plates. The cells were stimulated for 10 min 37°C in a humidified environment (5% CO 2 ). Control samples were maintained at the same condition with no application of osmotic stretch. Osmolality, measured as mOsm of solute/Kg of solvent (mOsm/kg), was measured using an Advanced Instruments TM 3250 Single Sample Osmometer (Thermo Fisher Scientific Inc., Waltham, MA) in the Duke University Clinical Laboratory.
Competition Radioligand Binding Assays with Whole Cells-Competition radioligand binding assays were performed on HEK 293 cells stably expressing WT AT1Rs, AT1R-␤-arrestin2 fusion proteins, or AT1R-G q fusion proteins after stimulation with isotonic or hypotonic conditions as described above. On the day of assay, cells were washed gently with ice-cold PBS without Ca 2ϩ and Mg 2ϩ , covered with 5 ml of versene, and incubated on ice for 30 min. The cells were then gently harvested in 5 ml of cold MEM and spun down in a 15-ml conical tube at 500 rpm at 4°C for 5 min. The pellet was gently resuspended in 1 ml of cold indicator-free minimal essential Eagle's medium (undiluted or diluted 1:1 with double-distilled H 2 O) and adjusted to achieve ϳ1-2 g of protein per l of cells as determined from the Bradford assay. Competition binding assays with 50 l of cells, 50 l of serially diluted 5ϫ test ligand in cold buffer, and 150 l of 1.67ϫ radioligand ( 125 I-S 1 I 8 -AngII at 83.5 pM; 50 pM final concentration) were incubated at 4°C for 4 -5 h. Nonspecific binding was determined with 10 M telmisartan. Bound radioactivity was collected on 0.3% PEI-treated GF/C filters (Brandel, Gaithersburg, MD) using cold wash buffer (50 mM Tris-HCl, pH 7.4). Bound radioactivity was quantified on a Packard Cobra gamma counter (GMI, Ramsey, MN).
Competition Radioligand Binding Assays with Detergent-solubilized AT1R-Human FLAG-tagged AT1R was stably expressed in a suspension adapted tetracycline-inducible HEK cell line (Invitrogen). AT1R expression was induced for 24 h by treatment with doxycycline (2 g/ml) and sodium butyrate (5 mM). Cell lysate was solubilized in 0.5% lauryl maltose neopentyl glycol and subject to M1 anti-FLAG chromatography. Monomeric AT1R was isolated using size exclusion chromatography. Binding assays were performed as described above in MEM buffer or a 1:1 dilution of MEM and double-distilled H 2 O. The final concentration of AT1R was 0.4 ng/l, and 125 I-S 1 I 8 -AngII was used at a final concentration of 200 pM.
Immunoblotting-Cells were lysed in Nonidet P-40 lysis buffer containing 20 mM Tris (pH 7.4), 137 mM NaCl, 1% Nonidet P-40, 20% glycerol, 10 mM phenylmethylsulfonyl fluoride, 1 mM Na 3 VO 4 , 10 mM NaF, aprotinin (2.5 g/ml), and leupeptin (2.5 g/ml). Protein concentrations were assayed with Bio-Rad protein assay reagent (Bio-Rad), and 35 g of protein was denatured by heating at 95°C for 5 min before resolving by SDSpolyacrylamide gel (10%) electrophoresis. Immunoblotting for total ERK and phosphorylated ERK was performed as previously described (6) . The following dilutions of primary antibody were used: total ERK (Upstate, Lake Placid, NY), 1:3000; phospho-ERK1/2 (Cell Signaling, Danvers, MA), 1:1000. Horseradish peroxidase-conjugated polyclonal donkey anti-rabbit IgG (Sigma-Aldrich) was employed as the secondary antibody. Protein bands were visualized by enhanced chemiluminescence (ECL; Amersham Biosciences, Pittsburgh, PA). Individual bands were then quantified by densitometry with the Syngene Imager (Syngene USA, Frederick, MD) using GeneSnap software.
BRET Assay-BRET assays were performed as described previously (6, 19) . HEK-293 cell stably expressing AT1Rs were transfected with the intramolecular BRET-based biosensor of ␤-Arrestin-biased Allosteric Modulation of AT1Rs ␤-arrestin2 and 24 h later were distributed onto collagen coated 96-well microplates. The BRET signal was determined as the ratio of the light emitted by YFP and the light emitted by Luc. BRET ratio was monitored at 10 min after ligand stimulation or osmotic stress. Values were corrected by subtracting the background BRET signals.
ERK Phosphorylation in Sodium-free Buffer-For the measurement of osmotic stretch-induced ERK signaling in buffer with or without sodium ions, HEK 293 stable expressing WT AT1R cells were grown in MEM on 10-cm polystyrol dishes and were split into 6-well plates. The cells were washed four times using sodium-free buffer as previously described (20) , which contains 125 mmol/liter N-methyl-D-glucosamine hydrochloride, 25 (20) . Stimulation with AngII, osmotic stretch, with or without the addition of telmisartan, was performed in MEM, sodium buffer, or sodium-free buffer for 10 min, and then the cell lysates were analyzed for ERK phosphorylation by immunoblotting.
Statistics-Competition binding curves were best fit by a one-site binding model using the nonlinear least squares regression program GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). Differences in competition binding curves were tested using the F test, with a significance threshold of p Ͻ 0.05. Individual dose-response curves for ERK1/2 phosphorylation were fit to a three-parameter logistic model in Prism. E max and LogEC 50 average values for the data in Figs. 3 and 6 were calculated from the best fit of individual curves except for Fig. 6B where two of the dose-response curves did not fit a three-parameter logistic model, and therefore E max and LogEC 50 were calculated from the best fit of the average data. For each ligand the data were normalized to the fit bottom value determined for isotonic buffer, thus setting it equal to 1. The data are expressed as the means Ϯ S.E. Statistical significance was determined with a one-way or two-way analysis of variance (ANOVA) to correct for multiple comparisons and either a Bonferroni or Holm-Sidak post hoc test using GraphPad Prism. A p value of Ͻ0.05 was considered significant.
RESULTS

Mechanical Stretch Stabilizes AT1R Conformations That
Favor the Binding of ␤-Arrestin2-biased Agonists-It is well established that agonists bind with higher affinity to active GPCR conformations. These conformations can be stabilized by mutations that confer constitutive activity (21) or by coupling to transduction proteins such as G proteins or ␤-arrestins that promote intracellular signaling (22) (23) (24) . Recently, it has been demonstrated that AT1R-transducer fusion proteins can be used to interrogate these active conformations to precisely determine the signaling bias of AT1R agonists (18) . To examine whether mechanical stretch stabilizes distinct ␤-arrestin2-acti-vating conformations of the AT1R, we measured the binding affinities of balanced and ␤-arrestin2-biased agonists in intact cells expressing either the unfused WT AT1R (uncoupled) or AT1R-␤-arrestin2 fusion protein (␤-arrestin coupled) under normal tonicity (288 mOsm/kg) or hypotonic conditions (143 mOsm/kg) to induce membrane stretch ( Fig. 1A) . Compared with the WT AT1R, the balanced agonist AngII bound with 3.1-fold higher affinity to the AT1R-␤arrestin2 fusion protein in isotonic media ( Fig. 1B and Table 1 ). This was in agreement with the known allosteric enhancing effect of ␤-arrestin2 coupling on AngII affinity in whole cells (25) and membranes (18) . We next found that osmotic stretch had no effect on AngII affinity for the WT AT1R (p ϭ 0.1204 by F test) or the AT1R-␤arrestin2 fusion protein (p ϭ 0.9257 by F test). This yielded superimposed binding curves in Fig. 1B . When the ␤-arrestin2biased agonist TRV120023 was tested, we found that it bound with 9.7-fold higher affinity to the AT1R-␤arrestin2 fusion protein compared with the WT AT1R under isotonic conditions ( Fig. 1C , filled black symbols, and Table 1 ). However, in contrast to the balanced ligand AngII, exposing cells to hypotonic osmotic stretch significantly increased the binding affinity of TRV120023 at both the WT AT1R (3.5-fold; Fig. 1C , filled black squares versus open red squares, p Ͻ 0001 by F test) and the AT1R-␤-arrestin2 fusion protein (3.2-fold; Fig. 1C , filled black circles versus open red circles, p Ͻ 0.0001 by F test) ( Fig. 1C ). For the antagonist telmisartan, the superimposed binding curves in Fig. 1D indicated that its binding affinity was unaltered by ␤-ar-restin2 coupling or changes in tonicity, consistent with previous reports (18, 25) . Lastly, we tested the effects of osmotic stretch on the binding of the G q -biased agonist TRV120056 and showed a pattern similar to AngII in which it bound with higher affinity to the AT1R-␤-arrestin2 fusion protein but was unaffected by osmotic stretch (data not shown). This was consistent with reports that TRV120056 and the balanced agonist AngII activate ␤-arrestin2 to the same extent (12, 18) . We were unable to measure the effects of osmotic stress on G q coupling to the AT1R using the AT1R-G q fusion protein in intact cells likely because of the high concentration of intracellular GTP, which uncouples G proteins from their cognate receptors in intact cellular systems (26) . Taken together, these data suggest that osmotic stretch stabilizes a subset of ␤-arrestin2-specific AT1R conformations that are distinct from those stabilized by the balanced agonist AngII.
To rule out the possibility that the observed shifts in ␤-arres-tin2-biased agonist binding affinity were due to changes in buffer composition such as a dilution of Na ϩ cations (27, 28) , we determined whether hypotonic media had any effect on ligand binding to detergent-purified AT1Rs. In this system, AT1Rs are exposed to the same hypotonic buffer but are unable to undergo the biophysical changes induced by osmotic stretch of intact cells. Hypotonic conditions elicited similar small increases in the binding affinities of both the balanced agonist AngII and the ␤-arrestin2-biased agonist TRV120023 (1.5-and 1.9-fold, respectively) ( Fig. 2 ). Importantly, these results cannot account for the differential effects we observed in whole cells (Fig. 1, B and C) and are consistent with the lack of a requirement for Na ϩ ions in stretch-mediated ERK1/2 phosphorylation (see below).
␤-Arrestin-biased Allosteric Modulation of AT1Rs
OCTOBER 10, 2014 • VOLUME 289 • NUMBER 41
JOURNAL OF BIOLOGICAL CHEMISTRY 28273
Osmotic Stretch Allosterically Modulates AT1R Signaling Leading to Enhanced Potency of a ␤-Arrestin2-biased Agonist-Osmotic stretch produced a pattern of affinity shifts for the ␤-arrestin2-biased agonist TRV120023 similar to that reported for agonist binding to a constitutively active mutant ␤2AR (21) (Fig. 1C ). Because it is well documented that agonists signal with increased potency at constitutively active GPCRs, we next determined whether osmotic stretch modulates TRV120023 signaling. Here we measured the ability for AngII or the ␤-ar-restin2-biased agonist TRV120023 to activate ERK1/2 in cells overexpressing the AT1R-␤arrestin2 fusion protein under normal tonicity (288 mOsm/kg) or hypotonic conditions (191 and 143 mOsm/kg). We observed a dose-dependent increase in ERK phosphorylation with AngII stimulation, which was Osmotic stretch stabilizes distinct ␤-arrestin2-activating conformations of the AT1R as measured by shifts in binding affinities. Competition binding isotherms of different ligands in HEK 293 cells stably expressing WT AT1R or AT1R-␤-arrestin2 fusion proteins under isotonic (288 mOsm/kg) or hypotonic osmotic stretch (143 mOsm/kg). A, schematic diagrams of WT AT1R, AT1R-␤-arrestin2 fusion, and AT1R-G q fusion. B, competition binding isotherms for the balanced agonist AngII. No curve shift was observed under hypotonic osmotic stretch (143 mOsm/kg). C, competition binding isotherms for the ␤-arrestin-biased ligand TRV120023 showing that it bound with 9.7-fold greater affinity to the AT1R-␤arrestin2 under isotonic condition, with a further 3.5-fold shift in binding affinity under hypotonic conditions. D, competition binding isotherms for the AngII antagonist telmisartan. Affinity shift was undetectable under hypotonic osmotic stretch. The data represent the means Ϯ S.E. of three to nine independent experiments. Each experiment was performed in duplicate.
TABLE 1 Ligand binding affinity at WT AT1R and AT1R-␤-arrestin2 fusion
The data are expressed as means Ϯ S.E. 
Ligand
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enhanced by osmotic stretch (Fig. 3, A and B) . Although increasing hypotonicity significantly augmented AngII maximal signaling (E max from 1.63 Ϯ 0.15 to 2.57 Ϯ 0.27, p Ͻ 0.02), it had no effect on AngII potency (LogEC 50 from Ϫ9.84 Ϯ 0.37 to Ϫ9.78 Ϯ 0.50 nM, p ϭ NS). This was consistent with our binding data showing no effect on AngII binding affinity ( Fig.  1B and Table 1 ). Lastly, the increase in baseline ERK1/2 phosphorylation (e.g. at 10 Ϫ13 M AngII) for 191 and 143 mOsm/kg most likely reflects the ligand-independent activation of AT1R by increasing hypotonicity.
Increasing hypotonicity had similar effects on both baseline ERK1/2 phosphorylation and TRV120023 maximal signaling (E max from 1.62 Ϯ 0.07 to 3.33 Ϯ 0.19, p Ͻ 0.001) ( Fig. 3D ). However, unlike the balanced agonist AngII, exposing cells to osmotic stretch significantly increased the potency of the ␤-arrestin-biased agonist TRV120023 for ERK1/2 phosphorylation (LogEC 50 from Ϫ7.24 Ϯ 0.49 to Ϫ8.87 Ϯ 0.18 nM, p Ͻ 0.05) ( Fig.  3D ). This is in good agreement with the ability for osmotic stretch to selectively enhance the binding affinity of TRV120023 (Fig. 1C ), supporting our hypothesis that mechanical stretch stabilizes unique ␤-arrestin2-activating conformations of the AT1R.
Osmotic Stretch and ␤-Arrestin2-biased Agonists Activate AT1Rs to Stabilize ␤-Arrestin2 Conformations Distinct from AngII-Our data support a ligand-independent mechanism whereby osmotic stretch stabilizes unique ␤-arrestin2-activating conformations of the AT1R to promote ␤-arrestin2 signaling. To further test the effect of osmotic stretch on AT1R conformation, we used an intramolecular BRET ␤-arrestin2 biosensor (29) ( Fig. 4A ) that differentiates between conformations of ␤-arrestin2 stabilized by AngII or osmotic stretch (6) and is sensitive to conformations induced by a ␤-arrestin-biased agonist (19) . Consistent with our previous report (6) , activating the AT1R with AngII (1 M) induced changes in the BRET signal that were of similar magnitude but opposite in direction from that induced by hypotonic osmotic stretch (143 mOsm/kg, p Ͻ 0.001; Fig. 4B ). Importantly, activating the AT1R with the ␤-arrestin2-biased ligand TRV120023 (1 M) produced a negative BRET ratio similar to that induced by osmotic stretch (p ϭ NS versus hypotonic; Fig. 4B ). We next tested whether the ␤-arrestin conformation induced by hypotonic conditions can be altered by the subsequent addition of the balanced agonist AngII. We measured the BRET ratio from normal tonicity (isotonic, 288 mOsm/kg) to hypotonicity (143 mOsm/kg) and then after the addition of AngII (1 M). Control experiments were performed by adding isotonic solution (288 mOsm/kg) to the media followed by 1 M AngII. We demonstrate that AngII is unable to overcome the effects of hypotonicity, suggesting that once the AT1R is stabilized in an allosterically modified conformation, AngII cannot shift the equilibrium to stabilize a different conformation (Fig. 4C) . These biophysical data support our radioligand binding studies to indicate that membrane stretch stabilizes unique ␤-arres-tin2-activating conformations of the AT1R.
Osmotic Stretch Promotes Active Conformations of the AT1R to Signal through ␤-Arrestin-The observation that osmotic stretch favors the binding and signaling of ␤-arrestin2-biased agonists is supported by our previous report that osmotic stretch promotes signaling in a ␤-arrestin2-dependent manner (6, 30) . To more rigorously test this notion, we used the AT1R-␤-arrestin2 and AT1R-G q fusion proteins to achieve maximal transducer coupling and then measured ERK1/2 phosphorylation in HEK 293 cells stably expressing these receptor fusions before and after treatment with maximal hypotonicity (143 mOsm/kg) or AngII (1 M) (Fig. 5, A and B) . Compared with unstimulated cells, osmotic stretch significantly increased ERK1/2 phosphorylation by 2.3-fold in cells expressing the WT AT1R and by 3.8-fold in cells expressing the AT1R-␤-arrestin2 fusion (p Ͻ 0.05; Fig. 5A ). Notably, ERK1/2 phosphorylation in AT1R-␤-arrestin2 cells exposed to osmotic stretch approached that of the full agonist AngII (4.3-fold). In contrast, osmotic stretch in cells expressing the AT1R-G q fusion showed no significant increase in ERK1/2 phosphorylation over unstimulated conditions (Fig. 5B) . This difference between the osmotic stretch-induced ERK1/2 response for the AT1R-␤-arrestin2 (3.8-fold) and AT1R-G q fusions (1.3-fold) is even more striking given the comparable expression levels and similar robust responses for AngII at both receptor fusions.
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stably expressing WT AT1R, AT1R-␤-arrestin2, or AT1R-G q with a dose range of hypotonicity (288 -143 mOsm/kg) ( Fig. 5 , C and D). ERK1/2 phosphorylation in response to the control ligand EGF was similar across all three cell lines (6.42-, 6.85-, and 6.47-fold for AT1R, AT1R-␤-arrestin2, and AT1R-G q , respectively). Compared with the WT AT1R, increases in ERK1/2 phosphorylation were significantly enhanced in AT1R-␤-arrestin2 cells over a broad range of hypotonicity (Fig. 5D ). However, despite the local excess of fused G q , the ERK1/2 response in cells overexpressing the AT1R-G q fusion was com-pletely abrogated compared with both WT AT1R and AT1R-␤-arrestin2-expressing cells over the entire range of osmolality ( Fig. 5D ). We next measured the inhibitory effects of the AT1R-G q fusion protein by measuring ERK1/2 phosphorylation downstream of the WT AT1R and the AT1R-G q fusion over a broad range of AngII concentrations. Consistent with our results at the AT1R-␤-arrestin2 fusion protein (Fig. 3B ), osmotic stretch significantly increased AngII E max without significantly affecting AngII potency in WT AT1R cells (Fig. 6, A  and B) . No effect of hypotonicity on AngII E max or EC 50 was observed in cells expressing the AT1R-G q fusion protein (Fig. 6,  C and D) . These data support our contention that in response to osmotic stretch the AT1R uses ␤-arrestin to induce transducerspecific signaling in the cell. The Angiotensin Receptor Blocker Telmisartan Inhibits Osmotic Stretch-induced AT1R Signaling-We believe that osmotic stretch stabilizes a subset of ␤-arrestin2-specific active AT1R conformations that are distinct from those stabilized by the balanced agonist AngII. To confirm that stretch induces active conformations of the AT1R, we tested the ability for the inverse agonist telmisartan to inhibit ERK1/2 phosphorylation in cells treated with EGF (10 ng/ml), AngII (1 M), or osmotic stretch (143 mOsm/kg). Consistent with the specific blockade of the AT1R, telmisartan (10 M) had no effect on ERK1/2 phosphorylation induced by EGF activation of endogenous receptor tyrosine kinases (10 ng/ml; Fig. 7, A and B) . By contrast, telmisartan completely blocked ERK1/2 phosphorylation induced by AngII and hypotonic osmotic stretch (143 mOsm/ kg). Fig. 7C provides further evidence that stretch exerts its effect through active AT1R conformations. In these experiments, telmisartan inhibited stretch-induced ERK1/2 phosphorylation with a half-maximal effect (pIC 50 ϭ 7.54 Ϯ 0.15) in close agreement with its affinity for the AT1R (pK i ϭ 8.77 Ϯ 0.03; Table 1 ). Together, these data support our hypothesis that mechanical stretch-induced signaling is indeed mediated through active conformations of the AT1R.
Sodium Ions Are Not Required for Osmotic Stretch-induced ERK1/2 Phosphorylation-To further confirm that the enhancement of AT1R signaling by osmotic stretch is mediated through a subset of ␤-arrestin2-stabilized active AT1R conformations and not due to changes in Na ϩ cations (27), we tested the effect of osmotic stretch on ERK1/2 phosphorylation under normal and Na ϩ -free culture conditions in intact cells. Following stimulation with either AngII or hypotonic osmotic stress, ERK1/2 phosphorylation increased to a similar extent in cells incubated in either MEM, Na ϩ -containing buffer, or Na ϩ -free buffer (Fig. 8) . These data support our contention that the effect of osmotic stretch on AT1R signaling is most likely mediated through allosteric modulation of the receptor and not due to changes in the Na ϩ concentration the plasma membrane.
DISCUSSION
We set out to investigate the molecular mechanism by which mechanical stretch modulates AT1R structure and function by using biased AT1R agonists as novel conformational probes in several pharmacological and biophysical approaches. When tested at AT1R-transducer proteins expressed in intact cells we 
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show that osmotic stretch: 1) induces active conformations of the AT1R and ␤-arrestin2 that are exclusively stabilized by ␤-arrestin-biased agonists and 2) functions as an allosteric modulator to selectively enhance ␤-arrestin-biased ERK1/2 signaling. Our data provide some of the most compelling evidence to date that there is a biased conformation of the AT1R. We show that osmotic stretch acts through the AT1R to induce a conformation of ␤-arrestin2 similar to that induced by ␤-arrestin-biased agonists. Although the balanced agonist AngII stimulates the AT1R to couple to and activate G protein signaling, it also robustly recruits ␤-arrestin. Membrane stretch can also activate the AT1R, but in this case it only recruits and activates ␤-arrestin signaling, indicating that osmotic stretch induces conformations of the AT1R that activate signaling through ␤-arrestin but not through G q . Our data provide molecular level support for the emerging concept that multiple conformations of the angiotensin receptor exist, each unique in its ability to engage transducers (i.e. either G q , ␤-arrestin, or both), and that mechanical stretch stabilizes distinct ␤-arrestin2-activating conformations of the AT1R to activate selective signaling pathways.
Increased Binding Affinity and Potency of the ␤-Arrestin-biased Agonist TRV120023 by Stretch Provides Mechanistic Insight into AT1R Mechanotransduction-According to the conceptual framework of biased agonism, biased agonists signal disproportionately by stabilizing distinct active GPCR conformations that vary in their abilities to promote transducer coupling and activation (12, 13, 31) . Recently, several ␤-arrestinbiased agonists have been identified that exclusively activate ␤-arrestin pathways downstream of the AT1R, presumably via stabilizing distinct receptor conformations that do not support G q coupling and activation (18) . In accordance with the allosteric effect linking the simultaneous binding of an agonist and transducer to topologically distinct sites on a receptor (21, 22, 32) , ␤-arrestin-biased agonists such as TRV120023 were shown to bind with high affinity to ␤-arrestin2-activating conformations of the AT1R (18) . Thus, ␤-arrestin2-biased agonists can function as conformational probes, binding ␤-arrestin2-activating conformations of the AT1R with high affinity. When used to monitor the conformational changes thought to accompany mechanical stretch of the AT1R (1), we found that osmotic stretch only enhanced the binding affinity of the ␤-ar-restin2-biased agonist TRV120023 at both the WT AT1R and AT1R-␤-arrestin2 fusion protein (Fig. 1C) . Indeed, despite AngII being a full agonist for ␤-arrestin2-mediated signaling pathways (12) , there was no increase in AngII affinity with osmotic stretch (Fig. 1B) . Importantly, we did not observe changes in TRV120023 binding affinity using detergent-purified AT1Rs, suggesting that physical changes to the membrane are required for AT1R activation by stretch. Together with the . Osmotic stretch and ␤-arrestin2-biased agonists stabilize similar ␤-arrestin2 conformations. A, schematic of the intramolecular ␤-ar-restin2 BRET biosensor used to monitor the effect of osmotic stretch on ␤-ar-restin2-activating conformations of the AT1R. B, the balanced agonist AngIIinduced changes in the BRET signal were of similar magnitude but in the opposite direction from that induced by osmotic stretch or a ␤-arrestin-biased agonist. Different conformations of ␤-arrestin2 were detected with the intramolecular BRET biosensor (Luc-␤-arrestin-YFP) before and after AT1Rexpressing cells were stimulated with AngII (1 M) or TRV120023 (1 M) or hypotonic osmotic stretch (143 mOsm/kg) (n ϭ 6 independent experiments with 1 ϫ 10 6 to 5 ϫ 10 5 cells per experiment). *, p Ͻ 0.0001, AngII AT1R overexpression versus AngII untransfected; TRV120023 AT1R overexpression versus TRV120023 untransfected; or hypotonic osmotic stretch AT1R overexpression versus hypotonic osmotic stretch untransfected. †, p Ͻ 0.0001, AngII AT1R transfected versus either hypotonic osmotic stretch AT1R transfected or TRV120023 AT1R transfected. C, AT1R-overexpressing cells exposed to hypo-tonic conditions from isotonic conditions (isotonic 3 hypotonic) showed a negative deflection in the BRET signal. The addition of the balanced agonist AngII (1 M) to AT1R-overexpressing cells under hypotonic conditions (hypotonic 3 AngII) continued to show a negative deflection in the BRET signal. In contrast, the addition of AngII (1 M) to cells in isotonic media (isotonic 3 AngII) showed a positive deflection in the BRET signal (n ϭ 9 independent experiments for each group). *, p Ͻ 0.05, isotonic 3 AngII versus either hypotonic 3 AngII or isotonic 3 hypotonic, one-way ANOVA with Holm-Sidak test. Hypotonic osmotic stretch (143 mOsm/kg). OCTOBER 10, 2014 • VOLUME 289 • NUMBER 41 exclusive ability for TRV120023 to bind preferentially to ␤-ar-restin2-activating states of the AT1R, we contend that membrane stretch stabilizes distinct ␤-arrestin2-activating conformations of the AT1R.
Our biophysical studies using the intramolecular BRET ␤-ar-restin2 biosensor support this line of reasoning because differences in the biosensor BRET signal between AT1Rs bound to AngII and those bound to TRV120023 indicate that AT1Rs can adopt different ␤-arrestin2-activating conformations depending on the stimulus. Importantly, the ␤-arrestin2 biosensor FIGURE 5. Osmotic stretch promotes active conformations of the AT1R to activate ERK1/2 through ␤-arrestin. Enhanced ERK1/2 signaling by osmotic stretch in cells stably expressing the AT1R-␤-arrestin2 fusion proteins is shown. A, ERK signaling of AT1R-␤-arrestin2 fusion following treatment with AngII (1 M, 10 min) or osmotic stretch (143 mOsm/kg, 10 min). Increased ERK1/2 phosphorylation is observed for the AT1R-␤-arrestin2 fusion compared with AT1R-WT under conditions of osmotic stretch. B, ERK1/2 signaling of AT1R-G q fusion following treatment with AngII (1 M, 10 min) or osmotic stretch (143 mOsm/kg, 10 min). No increase in ERK1/2 phosphorylation is observed in cells stably expressing AT1R-G q fusion protein under osmotic stretch conditions. NS, nonstimulation; Osm, osmotic stretch. Summary data in A and B represent the means Ϯ S.E. of 4 -8 and 6 -8 experiments, respectively. *, p Ͻ 0.01, treatment with AngII, compared with the control nontreatment in the same group; #, p Ͻ 0.05, treatment with osmotic stretch, compared with the control nontreatment in the same group; †, p Ͻ 0.05 osmotic stretch of the AT1R-␤-arrestin2 fusion or AT1R-G q fusion compared with osmotic stretch of the WT AT1R (one-way ANOVA). C, representative immunoblots of ERK1/2 phosphorylation in response to increasing osmotic stretch in cells stably expressing WT AT1R, AT1R-␤-arrestin2 fusion, and AT1R-G q fusion receptors. Cells were stimulated with increasing hypotonic osmotic stretch for 10 min. NS, nonstimulation; EGF, cells are stimulated by 10 ng/ml EGF for 10 min. D, ERK1/2 phosphorylation was significantly enhanced in AT1R-␤-arrestin2 cells over a broad range of hypotonicity compared with WT AT1Rs and completely abrogated in HEK 293 stably expressing AT1R-G q fusion proteins (n ϭ 6 independent experiments for each receptor and each hypotonic condition). p Ͻ 0.0001 for interaction between all groups by twoway ANOVA. *, p Ͻ 0.05; **, p Ͻ 0.01; †, p Ͻ 0.0001 either AT1R-␤-arrestin2 fusion or AT1R-G q fusion versus WT AT1R by two-way ANOVA and Bonferroni correction for multiple comparisons. NS, nonstimulation (n ϭ 6). FIGURE 6. Dose-response characteristics of ERK1/2 phosphorylation for the WT AT1R and the AT1R-G q fusion over a broad range of AngII concentrations. Shown is the effect of the balanced agonist AngII on ERK1/2 phosphorylation in cells stably expressing WT AT1R and AT1R-G q fusion protein under isotonic (288 mOsm/kg) or hypotonic osmotic stretch (191 and 143 mOsm/kg) conditions. A, representative immunoblots showing enhanced ERK1/2 phosphorylation in cells expressing the WT AT1R in response to increasing hypotonic osmotic stretch over a range of AngII concentrations. B, osmotic stretch enhances ERK1/2 phosphorylation by increasing E max without a change in the EC 50 for the WT AT1R over a broad range of AngII concentrations. Isotonic 288 mOsm/kg (E max ϭ 1.90 Ϯ 0.12, LogEC 50 ϭ Ϫ10.01 Ϯ 0.45 nM); hypotonic 191 mOsm/kg (E max ϭ 2.35 Ϯ 0.10, LogEC 50 ϭ Ϫ10.88 Ϯ 0.33 nM); hypotonic 143 mOsm/kg (E max ϭ 2.51 Ϯ 0.08, LogEC 50 ϭ Ϫ11.29 Ϯ 0.30 nM) (n ϭ 5-6 independent experiment at each AngII concentration). E max , p Ͻ 0.005, hypotonic 143 mOsm/kg versus isotonic 288 mOsm/kg; E max , p Ͻ 0.05, 191 mOsm/kg versus isotonic 288 mOsm/kg (one-way ANOVA with Bonferroni correction). There was no significant difference for LogEC 50 between groups. C, representative immunoblots in cells stably expressing AT1R-G q fusion proteins showing no enhancement of ERK1/2 phosphorylation in response to increasing hypotonic osmotic stretch over a range of AngII concentrations in cells. D, osmotic stretch does not enhance ERK1/2 phosphorylation in cells stably expressing AT1R-G q fusion proteins in response to AngII stimulation. Isotonic 288 mOsm/kg (E max ϭ 2.84 Ϯ 0.16, LogEC 50 ϭ Ϫ10.45 Ϯ 0.31 nM); hypotonic 191 mOsm/kg (E max ϭ 2.84 Ϯ 0.17, LogEC 50 ϭ Ϫ10.51 Ϯ 0.16 nM); hypotonic 143 mOsm/kg (E max ϭ 2.83 Ϯ 0.12, LogEC 50 ϭ Ϫ10.68 Ϯ 0.20 nM) (n ϭ 5-6 independent experiment at each AngII concentration). There was no significant difference for both E max and LogEC 50 between groups.
BRET signature in response to osmotic stretch and the ␤-arres-tin2-biased agonist TRV120023 is distinct from that induced by AngII. This is consistent with previous work showing that membrane stretch may induce changes in the biophysical properties of the AT1R (17) , which appear structurally distinct from changes typically associated with agonist activation (33) . In fact, within the context of a multistate model of GPCR activation, it has been proposed that stretch stabilizes the AT1R in a different activated state, recently termed R stretch (17) .
It is interesting to speculate that a general mechanism could account for the ␤-arrestin-biased modulatory effects of stretch given that this effect is not unique to AT1Rs. Recently, stretchinduced activation of the apelin receptor was shown to favor ␤-arrestin pathways and inhibit G protein activation (7) . It is currently thought that integral membrane proteins perceive stretch through different mechanisms. According to the "tethered" model, intracellular and/or extracellular anchoring to other proteins acts as a gating spring to impart mechanosensitivity to membrane proteins (1). Alternatively, the "membrane" model contends that an altered lateral pressure profile at the protein/phospholipid bilayer boundary directly translates membrane stretch into conformational changes (1) . It remains a possibility that relaxing the AT1R through decreased lateral pressure promotes ␤-arrestin-activating conformations.
Although the precise mechanism of how the cell membrane transmits forces to modulate the conformation of a GPCR is not known, recent evidence for mechanosensitive ion channels has shown that the lipid bilayer is critically involved in opening and closing of these channels with membrane stretch (34) . Proteins embedded in lipid bilayers are subject to strong localized forces that can be altered by membrane stretch resulting in an energetically more favorable conformation for the channel protein to assume (35) . The change in the force profile at the lipidchannel interface may be the ultimate mechanoenergetic trigger for the ion channel to adopt an activated configuration (35) . Although our studies do not address this concept directly, we propose that intrinsic forces between the lipid bilayer and the AT1R under conditions of membrane stretch promote the AT1R to adopt an energetically favorable conformation stabilized through its interaction with ␤-arrestin.
Mechanical Stretch Allosterically Modulates Angiotensin II Type 1 Receptors-The activity of GPCRs can be modulated by a diverse spectrum of drugs ranging from full agonists to partial agonists, antagonists, and inverse agonists by their binding to the orthosteric pocket of the receptor. It is now appreciated that ligands can also bind to sites on the GPCR that are physically distinct from the orthosteric pocket, termed allosteric, and modulate the signaling properties of GPCRs (36) . Because both allosteric and orthosteric sites are structurally linked, allosteric agonists have the capacity to modulate the binding and/or signaling of orthosteric ligands (36 -38) . For instance, Zn 2ϩ acts as a positive allosteric modulator at the ␤2-adrenergic receptor to increase agonist affinity through the bridging of the cytoplasmic extensions of TM5 and TM6 and binding to His-269, Cys-265, and Glu-225 (39) . Although allosteric modulators bind to distinct regions of the receptor, the recent crystal structure of active muscarinic acetylcholine receptor bound to an allosteric modulator noted that the actual conformational change induced by the binding of an allosteric modulator is quite mild compared with that induced by the orthosteric agonist alone (40) . More generally, given the large number of conformational states available to a GPCR, and the notion that allosteric modulators modulate orthosteric ligand efficacy, our data are consistent with the concept that membrane stretch is functioning to allosterically modulate or induce ␤-arrestin-biased active conformations and signaling of the AT1R.
Molecular Mechanism for Stretch-mediated ␤-Arrestin Signaling-It is now well established that ␤-arrestin not only serves to desensitize G protein signaling but also leads to signaling in its own right by activating a variety of intracellular signaling pathways (10, (41) (42) (43) . Indeed, as we have recently shown, ␤-arrestin-dependent signaling by the AT1R can be activated by mechanical stretch and does not require AngII (6, 8) . However, the precise molecular nature of this AT1R-␤-arrestin interaction under conditions of membrane stretch is not well defined. Here we propose that mechanical stretch activates AT1Rs in a manner consistent with constitutive activation of a GPCR. Constitutively active GPCRs have the following charac- Antagonist telmisartan blocks osmotic stretch induced ERK1/2 signaling in HEK 293 stably expressing AT1R receptor. A, representative immunoblot showing ERK1/2 phosphorylation in HEK 293 stably expressing WT AT1R in response to stimulation with AngII, EGF, osmotic stretch, with or without the addition of telmisartan (10 M). NS, nonstimulation. B, quantification of ERK1/2 phosphorylation from HEK 293 stable expressing WT AT1R under stimulation with AngII, EGF, osmotic stretch, with or without the addition of telmisartan. †, p Ͻ 0.01 EGF, AngII, or Osm versus nonstimulation (NS); *, p Ͻ 0.05 AngII or Osm with telmisartan versus AngII or Osm without telmisartan by one-way ANOVA (n ϭ 6 independent experiments). C, representative immunoblot of four experiments showing dose response of ERK1/2 phosphorylation from HEK 293 stable expressing WT AT1R under treatment with telmisartan and osmotic stretch at 143 mOsm/kg. Telmisartan-reduced ERK phosphorylation is expressed as a percentage of maximum osmotic stretch under different concentrations of telmisartan with or without osmotic stretch at 143 mOsm/kg. Telmisartan ϩ hypotonic 143 mOsm/kg (E max ϭ 2.49 Ϯ 0.07, LogIC 50 ϭ Ϫ7.54 Ϯ 0.15 nM). p Ͻ 0.0001 for interaction between two groups by two-way ANOVA with Bonferroni correction for multiple comparisons. The data represent the means Ϯ S.E. of four experiments. NS, nonstimulation; EGF, positive control treatment with EGF at 10 ng/ml for 10 min; AngII, 1 M for 10 min; Osm, osmotic stretch at 143 mOsm/kg for 10 min.
teristics (21, 44 -47): 1) their activation is ligand-independent, 2) this ligand-independent activation is inhibited by antagonists which preferentially stabilize inactive conformations (i.e. inverse agonists), 3) agonists bind to these receptors with increased affinities, and 4) the conformational constraints that suppress spontaneous signaling are reduced in these receptors, thereby allowing agonists to signal with increased potency. Previous studies have reported that stretch-activated AT1Rs exhibit some of these characteristics including ligand independence (6, 8, 17) and the ability for inverse agonists such as candesartan (8, 17) and losartan (6) to block this stretch-mediated activation. Although we show in this study that osmotic stretch activates ERK1/2 in the absence of exogenous AngII and is inhibited by the inverse agonist telmisartan (Fig. 7) , the strongest support for stretch-mediated constitutive activation of the AT1R is the observation that osmotic stretch increases the binding affinity of the ␤-arrestin-biased agonist TRV120023 for both the WT AT1R (i.e. uncoupled) and AT1R-␤-arrestin2 fusion protein (i.e. ␤-arrestin2-coupled) (Fig. 1) . Here, the pattern of affinity shifts produced by osmotic stretch were similar to those observed for agonist binding to the constitutively active mutant ␤2AR (21) and suggest to us that osmotic stretch removes the conformational constraints repressing basal AT1R activity. Such reductions in the energy barrier to receptor activation are known to have functional (i.e. signaling) consequences. Indeed, we show that osmotic stretch significantly increased the potency of the biased agonist TRV120023 for activating ERK in cells expressing the AT1R-␤-arrestin fusion protein (Fig. 3D) , without affecting potency for the balanced agonist AngII (Fig. 3B ) and is consistent with the increase in agonist potency observed for a constitutive active receptor (21, 46) . Lastly, in addition to the biophysical forces applied to the lipid membrane under stretch conditions, the composition of the membrane microdomain may influence trafficking and signal transduction of the receptor with mechanical stretch (48) . Given that cell membrane proteins and lipid bilayers form compartmentalized domains (rafts/caveolae) with different biophysical properties, mechanical stretch may differentially influence the conformational state of AT1Rs residing in these compartments (49) . Based on our data, we speculate that the unique AT1R conformations induced by osmotic stretch recruit a unique subset of GRKs to result in a specific phosphorylation pattern or "bar code" on the C-terminal tail of the receptor. At the level of the transducer, these different phosphorylation bar codes stabilize distinct, active conformations of ␤-arrestin transducers to promote unique signaling profiles (50, 51) . This is supported by our earlier study showing that osmotic stretch induced ERK activation was dependent only on GRK5/6 (6) and studies using the ␤2AR showing that ␤-arrestin function was dependent on the phosphorylation pattern or bar code of the receptor (50, 51) . Future studies using mass spectrometry phosphoproteomicbased approaches will determine whether osmotic stretch induces unique phosphorylation patterns of the AT1R compared with AngII.
Recent high resolution crystal structure information for the ␦-opioid receptor has revealed the presence of a sodium ion centrally located in its architecture and its role in mediating allosteric control of opioid receptor function (27) . We considered the possibility that our use of hypotonic conditions to induce membrane stretch could be effecting allostery of the receptor by altering the local sodium ion concentration. To address this, we used two strategies: 1) whether hypotonic media had any effect on ligand binding to detergent-purified AT1Rs and 2) whether sodium-free buffer altered the level of ERK phosphorylation with osmotic stretch in intact cells. In both cases, we show that changes in the sodium concentration do not alter the behavior of the AT1R either by changing its ligand binding affinity or activation of ␤-arrestin-mediated ERK signaling.
The physiological importance of stretch-activated AT1R as it relates to human physiology has been explored in recent years. Recent work has shown that ligand-independent stretch-activated AT1Rs are a mechanism for control of myogenic constriction in vascular smooth muscle cells (52) and in the vessel wall of mesenteric and renal resistance arteries (11) . Similar data have recently been generated for shear stress-induced AT1R activation, which can activate both G protein-dependent and -independent signals (53) . Mechanoactivation of AT1Rs under conditions of pressure overload may contribute to cardiac hypertrophy (8) and the stimulation of myocyte prosurvival signaling pathways (6, 30) . Lastly, AT1Rs appear to be involved in the osmoregulation of thirst and salt appetite (54), which may be mediated, in part, by ␤-arrestin because salt intake was stimulated by the ␤-arrestin-biased AngII analog Sar(1), Ile(4),Ile(8)-AngII (SII) (55) .
In conclusion, we adopted a novel strategy to provide molecular level insight into the conformational changes driving ␤-arrestin-biased AT1R mechanotransduction. We show that osmotic stretch selectively increases the affinity and potency of a ␤-arrestin-biased agonist, as well as stabilizes ␤-arrestin2 conformations that are distinct from those stabilized by AngII. These findings support a ligand-independent mechanism whereby mechanical stretch functions as an allosteric modulator to stabilize specific ␤-arrestin-activating conformations of the AT1R to engender ␤-arrestin-biased signaling. That mechanical stretch induces a conformational state of the AT1R to promote high affinity binding of the transducer ␤-arrestin indicates that biased ligands, which recognize this complex, may be effective in enhancing protective ␤-arrestin-mediated signaling in the heart under conditions of hemodynamic overload (6, 30) .
